Abstract -Ploidy and nuclear genome size variation were studied in Musa species indigenous to Malaysia i.e. Musa acuminata, Musa balbisiana, and Musa violascens. Flow cytometry was successfully used for ploidy estimation using DAPI and for nuclear DNA content where nuclei were stained with propidium iodide. No variation was observed in ploidy level, where as a large amount of variation in the genome size was observed among different Musa species analysed. Less variability was observed at the intraspecific level within the Musa acuminata. Similar genomic DNA content were observed in Musa acuminata ssp. malaccensis (Selangor type) and Musa acuminata ssp. siamea (Kedah type) samples. However, the highland banana Musa acuminata ssp. truncata (Cameron type) was significantly different from two forms. Larger variation was also observed between the species Musa balbisiana (547 Mbp), and Musa violascens (680 Mbp). The genome size of Musa violascens was significantly larger than the other two species although their chromosome numbers were higher (2n=22). Statistical and cluster analysis of data on genome size related in a grouping agreed well with the generally accepted taxonomic classification of Musa.
INTRODUCTION
Bananas and plantains are the major export commodities of many developing countries and provide food for millions of people in the tropics and subtropics. Despite its importance, the taxonomy of Musa has been studied only to a limited extent. CHEESMAN (1947) divided the genus into four sections (Eumusa, Rhodochlamys, Callimusa, and Australimusa) and this classification is still in use. Plantains and most of the cultivated bananas belong to the section Eumusa with a basic chromosome number of n=11.
Malaysia is one of the centers of diversity of wild and cultivated bananas. SIMMONDS (1955) reported four species from Malaysia. The two species Musa violascens and Musa gracilis are ornamental wild bananas. Musa gracilis has a very limited geographical distribution compared to Musa violascens (KIEW 1987) . Musa violascens is commonly sharing niches with Musa acuminata and have wide distribution. Musa acuminata and Musa balbisiana are the two most important species. However, Musa balbisiana is not truly native to Malaysia (SIMMONDS 1955) . Three species can be classified based on their morphology. However the situation is more complicated in Musa acuminata. Musa acuminata is the most variable species in Malaysia being the progenitor of several local diploid (AA) and triploid (AAA) banana cultivars. Three subspecies of Musa acuminata were reported from Malaysia based on the morphological and geographical distributions (SIMMONDS 1955) . However this classification is questioned (HARI 1968; SHEP-HERD 1989) .
The study of different forms of Musa acuminata is difficult through morphological studies due to continuous variation and characters overlapping. Therefore the use of flow cytometry for the characterization of different wild Musa species in Malaysia was suggested. Flow cytometry has successfully been used for the estimation of nuclear DNA content and ploidy level in Musa (DOLEZEL 1991 (DOLEZEL , 1998 DOLEZEL et al. 1994) . The purpose of the present study was to use flow cytometry for ploidy and nuclear DNA content variation in Musa species and special attention was given to the occurrence of intraspecific genome size variation.
MATERIALS AND METHODS

Plant material
Fourteen Musa acuminata subspecies samples and a Musa violascens sample were collected from northern, equatorial lowlands and highlands of peninsular Malaysia (Table 1) . Musa balbisiana (Gala) was obtained from the Malaysian Agricultural Research and Development Institute (MARDI) Serdang, Malaysia.
Determination of ploidy
Ploidy and genomic DNA content estimation was performed using a Partec PAS II flow cytometer (FCM). Chicken red blood cells (CRBC) were used to calibrate FCM. FCM was adjusted to give maximum signal amplitude and minimal CV (1-2%) after staining, using the fixed CRBC. All samples were run in triplicates and the whole experiment was repeated twice. Cigar leaves were collected and placed on a wet filter paper for ploidy and DNA determination.
Tetraploid Pisang Mas (AAAA) was used as an internal standard for ploidy screening (AZHAR et al. 1999) . Standard histogram peak reference was set to channel 100. All other samples were characterized by the relative position of their G1 peaks. DAPI (3,5-dinitro-N4, N-dipropylsulphate) fluorochrome was used (2 µg/ml) for ploidy level determination. Approximately 40-50 mg fresh leaf samples (standard+sample) were chopped with a sharp scalpel blade in a glass petri dish. Intact interphase nuclei were screened from the cut surface directly into 1 ml of LB01 lysis buffer, supplemented with DAPI (DOLEZEL et al. 1989) . The homogenate nuclei were filtered through a nylon mesh (50 µm pore size) into the analysis tube and its fluorescence was analyzed by FCM. The relative inflorescence intensity estimates the DNA content of more than 10,000 nuclei of the sample. The reading produced in the form of histogram was then set to channel 100 and used to determine the ploidy level of the standard reference. In relation or comparison to the peak of the standard at channel 100, the G1 peak was approximately at channel 50 for diploids.
Determination of DNA content
Approximately 40-50 mg of Musa fresh leaf was harvested, similarly 10 mg of soybean leaf grown from seeds (Glycine max var. Palmetto, 2C=2.50 pg DNA) served as an internal reference standard as suggested by DOLEZEL et al. (1994) . Leaf material from both standard and sample were chopped together in 1 ml of LB 01 buffer (DOLEZEL et al. 1989) , which contained 50 µg/ml each of propidium iodide and RNase. The suspension of isolated nuclei was filtered through Analysis of variance (ANOVA) and Duncan's multiple range tests were employed to analyse the variation in DNA content. Hierarchical cluster analysis was used to analyse the relationship between Musa species based on nuclear DNA content. The average linkage between groups was chosen for the analysis, using the euclidean distance as a dissimilarity coefficient. The mean nuclear DNA content estimated in individual plants employed as operational units. Samples were used as clustering groups.
RESULTS
Ploidy analysis of all Musa accessions was conducted by the analysis of the relative fluorescence intensity of nuclei isolated from young leaf tissues. The position of G1 peak on a histogram was compared to that of a reference plant with a known ploidy, a tetraploid Pisang mas (AAAA=44). The initial peak reflected the debris background due to disrupted nuclei or non-specific staining of other cell constituents. Two peaks were observed at the same time, first peak appeared at channel 50 and second at 100. All samples showed peaks at channel 50 indicating the diploid nature of the samples. Thus no variation in the ploidy of Musa samples was observed.
Flow cytometer examination of Musa nuclear genome size was achieved by simultaneous measurement of specimen and reference standard Glycine max var. Palmetto. The genome size of the specimen was then calculated from the ratio of G1 peak positions of the Musa sample and reference standard.
Leaf samples were collected from the cigar leaf and different samples were analyzed from different plants of the same genotype. Leaf samples collected were used on the same day for DNA content estimation through flow cytometry. The nuclei for genomic DNA estimation were stained with propidium iodide (PI) a fluorescent dye intercalating to the whole DNA compared to AT specific binding DAPI used for ploidy determination. Chopping of young Musa leaf tissue with a scalpel lead to the release of high number of intact nuclei into the LB01 buffer. On average 10,000 nuclei were screened for analysis. The analysis of the distribution of nuclei of Musa genotypes showed that more than 90% of nuclei were in G1phase.
Musa and Glycine nuclei were isolated, stained and analyzed simultaneously, the histograms of fluorescence distribution contained two large peaks corresponding to G1nuclei of both species (Fig. 1) . The ratio of G1peak means was taken as a basis for the calculation of 2C nuclear DNA content of Musa. The coefficient of variation (CV%) for G1 of all Musa samples peaks ranged between 2.0% to 4.0% throughout the study. The 2C nuclear DNA content ranged from 1.134 pg to 1.411 pg for all samples. Analysis of variance (ANOVA Table 2 ) indicated significant differences between the nuclear DNA content of genotypes (P<0.01). Several accessions of Musa acuminata displayed a difference in genome size that was not statistically significant or, though statistically significant appeared to be very small for an equivocal genotype assignment on the basis of genome size.
The lowest nuclear DNA content among three species analyzed in this study was found in Musa balbisiana (Gala) with a 2C DNA content of 1.134 pg. Compared to this, the 2C nuclear DNA content estimated for Musa acuminata genome was higher by more than 10% approximately than BB genome, similar results were reported by DOLEZEL et al., (1994) . Where by Musa acuminata genome ranges from 1.194 pg to 1.277 pg respectively. The Musa acuminata samples BC1, BD1, BD2, RI, IPTJ, Rangis, J4, Segun, Sintok, Kra, Perak, Flava, and PPC have almost similar DNA content and the difference between them were not significantly different at P=0.01 (Table  3 ). The highland Musa acuminata sample BC3 had the highest and significantly different DNA content (P<0.01).
Similarly the Musa violascens showed significantly highest DNA content (1.411 pg) even though their chromosome number is lower (2n=20) than the other two species (2n=22). A Duncan multiple range test and hierarchical cluster analysis were then used to characterize the variation in nuclear DNA content between the Musa samples.
The relationship between the samples, based on nuclear DNA content is shown in Fig. 2 . All lowland samples of Musa acuminata were grouped together as no significant variation in genome size was observed suggesting the close relationship of these samples except the sample BC3. Similarly the species Gala (Musa balbisiana) and BC2 (Musa violascens) were clearly separated from Musa acuminata accessions.
DISCUSSIONS
Ploidy level and chromosome numbers were found useful in Musa taxonomy (SIMMONDS 1962; VALSALAKUMARI and SIVARAMAN 1991) . Ploidy of the banana accessions was mainly determined through chromosomal counting. Chromosome counting using root tips in banana has long been known as valuable tool for plant breeders and cytogeneticists (VAKILI 1966 (VAKILI , 1967 HAMILL et al. 1992; OSUJI and ORTIZ 1996) . However it is a difficult task as banana chromosomes are extremely small, indistinguishable and frequently a few cell divisions are visible in a single root tip. Similarly ploidy estimation based on stomata number, length and density (SPECKMANN et al. 1965; SREENIVASAN et al. 1992; BLANKE et al. 1994) , and recently (TENKOUANO et al. 1998) pollen and chloroplast characteristics is easier but subject to environmental influence. Therefore flow cytometry provides an efficient and rapid method for accurate detection of ploidy level in bananas. Flow cytometry involves the analysis of intact nuclei, hence dividing cells are not required, and the analysis is not limited to meristematic tissues. Typically, a small piece of fresh leaf tissue (5-50 mg) is sufficient, which means that the method could be applied to plants at their early stage of development. The method also shows rapid analyses of a large population of nuclei (5-10000) and even subpopulations differing in ploidy levels (mixoploidy) (DOLEZEL et al. 1995) . The results showed all Musa acuminata samples were diploid having the same chromosome numbers (2n=22). Similarly, Musa balbisiana (2n=22) and Musa violascens had (2n=20) as suggested by Simmonds (1962) . A large amount of variation present in Musa acuminata accessions was thus not due to ploidy differences as they all are diploid.
Although flow cytometry proved to be efficient for ploidy determination however no information regarding the chromosome number of different accessions was observed and thus limited its application in unknown samples characterization.
For DNA content propidium iodide was used as DNA stain compared to DAPI for ploidy estimation. Propidium iodide quantitatively intercalates to DNA without base specificity (CRISSMAN and STEINKAMP 1990) , which could otherwise bias the results when comparing the DNA content of genotypes with unknown AT/GC ratios. To estimate nuclear DNA content in absolute units by flow cytometry, an internal standard reference Glycine max var. Palmetto was used (DOLEZEL 1991) . Its genome is not very different than the Musa, which is important to minimize the risk of the zero level error (VINDELOV et al. 1983) , on the other hand it is high enough to allow the analysis of the DNA content in triploid Musa cultivars (AFZA et al. 1992) .
For the estimation of DNA content in Musa, young leaf (cigar leaf) were preferably used. It was reported by DOLEZEL et al. (1994) that optimum results (low CV of G 1 peaks and low background) could only be obtained when young leaf tissues were used. Furthermore the use of the LB01 buffer that contained mercaptoethanol as a reducing agent (DOLEZEL et al. 1989 ) was found to be important to preserve browning of suspensions of nuclei due to phenolic compounds. The CV% for all Musa samples G 1 peaks ranged between 2.0 to 4.0%. This is considered to be a reliable range as similar CV% was reported by DOLEZEL et al. (1994) .
The results of this study confirmed that flow cytometry can be used for the precise and reproducible estimation of nuclear DNA content in Musa and that this genus had a small nuclear genome (DOLEZEL et al. 1994 LYSAK et al. 1999) . On average, the Musa acuminata genome was found to be 10% larger than the Musa balbisiana genome. This observation supports the earlier results (DOLEZEL et al. 1994) . Interestingly, the difference in genome size between M. acuminata and M. balbisiana agrees with their 10% difference in pollen size (ORTIZ 1997 -------------5 -------------10 -------------15 --------------20 ------------- olascens (BC2, 2n=20) even though the chromosome number of this species was lower than the Musa balbisiana and Musa acuminata. This variation could be related to the chromosome size. A highly significant correlation was reported between the nuclear DNA content and total chromosome length in Lycoris (NISHIKAWA et al. 1979) and barley (BENNETT et al. 1982) . However no such studies are available for banana chromosomes. The difference between most of the Musa acuminata accessions was small except for BC3 (Musa acuminata ssp. truncata) which was found to be statistically significant. Intrasubspecific variability has also been documented by using morphological characteristics (SIMMONDS 1966) and chloroplast DNA restriction fragments length polymorphism's (RFLP's) by GAWEL and JARRET (1991) . These differences might reflect the evolutionary changes of the Musa acuminata genome (e.g. amplification of repetitive DNA) since their separation from a common ancestor (MOORE et al. 1993) . The hybridization among different forms of Musa acuminata had also been reported (SIMMONDS 1955) . The observation of a limited extent of intraspecific variation in genome size in Musa contrasts with the large variation that has been observed within other crop species also suggested by (MICHAELSON et al. 1991; CECCARELLI et al. 1992; GRAHAM et al. 1994) . Whether the variation reported in these and other studies reflected a large plasticity of the nuclear genome, or rather is due to methodological errors, is still a matter of discussion. The source of genome size variation within diploid Musa acuminata and related diploid clones is not clear. Our studies excluded the possibility of ploidy and chromosome number variation. Where as a detailed analysis of chromosome morphology was made difficult due to small size of Musa chromosomes. LANAUD et al. (1992) reported variation in rDNA spacer length within the Musa acuminata subspecies complex. In some plant species, variation in the number of telomeric repeats has been described at the intraspecific level (SHIPPEN and MCKNIGHT 1998) . Furthermore, retrotransposons that independently replicate offer a potential mechanism for genome size variation (BENNETZEN and KELLOGG 1997) . BAU-RENS et al. (1997) have reported a sequence family of species-specific repetitive elements (Brep I) in Musa. This sequence family of repeated sequences is distributed throughout the Musaceae with various copy numbers with the species Musa acuminata carrying the highest copy numbers. Recently BALINT -KURTI et al. (2000) also identified and localized retrotransposons namely 'Monkey' in different Musa species.
The genomic variation observed among Musa acuminata accession seemed to be related to their eco-geographical origin as all lowland accessions showed similar DNA content but were different than the highland BC3. Malaysian lowlands are characterized with high temperatures compared to low temperature found in highlands. GRIME and MOWFORTH (1982) suggested a correlation between genomic DNA content and ecological variation in British flora. They suggested that the selective force determining the relationship between genome size and seasons of growth arose from a differential effect of low temperatures on cell division and cell expansion. The species habitually growing at low temperatures have large cells and measurements established that potential large cells have large nuclear volumes and high DNA content. However the mechanism dictating the strong correlation between cell size and nuclear volume remains obscure. Clearly, more studies on the Musa genome at the molecular level are needed before the mechanism for intraspecific genome size variation may be addressed.
Although the differences in genome size between the Musa acuminata accessions were small, they were statistically significant. Thus, our analysis clearly discriminated Musa acuminata ssp. truncata (BC3), which had the largest genome, from the rest of the AA accessions. This difference is also reflected in the different eco-geographical distribution of this subspecies. The subspecies truncata (BC3) is a highland banana growing at a height of 3000 to 6000 ft in the Genting and Cameron highlands where as other samples are mainly from the lowlands of equatorial to northern Malayan regions. These findings had contradicted the SIMMONDS (1955) findings who reported three subspecies of Musa acuminata based on morphological characters. SIMMONDS (1955) described three subspecies namely Musa acuminata ssp. malaccensis (Selangor form), Musa acuminata ssp. truncata (Cameron form) and Musa acuminata ssp. siamea (Kedah form) respectively. He differentiated these subspecies based on the bract imbrication mainly to differentiate subspecies siamea from the other two forms. Later HARI (1968) described that bract imbrication varied greatly during the development hence Musa acuminata ssp. siamea should be con-sidered as the one of the forms of ssp. malaccensis. Similarly, SHEPHERD (1988) reported that Musa acuminata ssp. siamea (North Malayan Kedah form) is clearly Musa acuminata ssp. malaccensis based on the chromosome structure and translocations. He further suggested that the highland banana should be considered a separate subspecies i.e. truncata. The genome size of these different variants shown in this study has further supported this idea.
